INTRODUCTION
The DnaA protein is the initiator of chromosomal DNA replication in Escherichia coli [1, 2] . Its interaction with membrane acidic phospholipids has received much attention, because it provides biochemical evidence for a replicon model in which Jacob et al. [3] hypothesized that DNA replication initiates at membranes, and that replication proteins are regulated by membrane components. Acidic phospholipids, in particular cardiolipin (CL), decrease DnaA protein's affinity for adenine nucleotides [4] [5] [6] [7] . DnaA protein has a high affinity for both ATP and ADP, and the ATP-DnaA complex is active, whereas the ADP-DnaA complex is inactive in DNA replication [8] [9] [10] . In the presence of high concentrations of ATP, acidic phospholipids can activate the ADP-DnaA complex by stimulating an exchange reaction with ATP [4] [5] [6] [7] . Increasing genetic evidence strongly suggests that acidic phospholipids are important regulators of DNA replication in cells. For example, the growth arrest phenotype of E. coli, defective in acidic phospholipid synthesis, was suppressed by mutating the gene encoding RNase H, which enables E. coli to replicate DNA independently of DnaA [11] . Since bypassing DnaA restores growth, this suggests that acidic phospholipids could regulate DNA replication through their interaction with DnaA [11] . Furthermore, the growth can also be restored by overproduction of certain mutant DnaA proteins [12] . Identification of the amino-acid residues which interact with acidic phospholipids is important in order to identify the precise molecular mechanism of this activation.
We reported that DnaA433 (DnaAR328E, R334E, R342E) and DnaA431 (DnaAR360E, R364E, K372E), which have mutations in potential amphipathic helices K327 to I344 and D357 to V374 respectively, showed decreased interaction with CL, suggesting these amphipathic helices are membrane-binding domains [13, 14] . The amphipathic helices (D357 to V374) were overlapping with the domain which was previously suggested to be involved in membrane binding [15] [16] [17] . R328 and K372 were the most important of the mutated amino-acid residues in DnaA433 and Abbreviation used : CL, cardiolipin. 1 To whom correspondence should be addressed (e-mail mizushima!pharm.okayama-u.ac.jp).
compared with DnaAR328E and DnaAK372E, CL caused less inhibition of oriC DNA binding, suggesting that amino acids R328 and K372 are involved in the interaction of DnaA with acidic phospholipids. DnaA435 could initiate DNA synthesis on oriC both in i o and in itro. Based on these results, we propose that ATP activates DnaA protein by changing its higher order structure around R328 and K372.
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DnaA431 respectively [18, 19] . R334, located between R328 and K372, is important for the binding of adenine nucleotides to DnaA protein and its intrinsic ATPase activity [19, 20] . Based on these results, we proposed that CL binding to both R328 and K372 causes a conformational change, which interferes with the ability of R334 to interact with adenine nucleotides, thus decreasing DnaA protein's affinity for them [19] . To evaluate this model, biochemical analysis of DnaA protein with both R328E and K372E is important. In the present study, we constructed the mutant protein (DnaA435) and examined its interaction with CL. The results suggested that both R328 and K372 interact with acidic phospholipids, supporting the model described above. We also found that DnaA435 had decreased affinity for ATP but supported in itro and in i o oriC DNA replication, suggesting that the region including these two amino-acid residues is involved in the regulation of DnaA protein's activity by adenine nucleotides.
EXPERIMENTAL Materials
A crude extract for an oriC complementation assay was prepared from the WM433 strain of E. coli as previously described [2, 21] . CL was purchased from Sigma. [α-$#P]ATP (3000 Ci\mmol), [α-$#P]dCTP (6000 Ci\mmol) and [$H]ADP (40 Ci\mmol) were from Amersham Pharmacia Biotech or DuPont. The mutant and wild-type DnaA proteins were purified as previously described [22, 23] .
Site-directed mutagenesis and plasmid construction
Site-specific mutagenesis was performed using the method described by Kunkel [24] . Briefly, uracil-containing single-stranded DNA of M13 phage, containing the coding region of the dnaA Figure 1 Mutant DnaA proteins α-Helices (K327 to I344 and D357 to V374) predicted by amino-acid sequence [31] .
gene, was hybridized with oligonucleotide primers representing each mutation (Figure 1 ). The complementary DNA strand was synthesized in itro and the resultant double-stranded DNA was introduced into E. coli JM109. The mutation was confirmed by direct DNA sequencing, and double-stranded DNA containing the mutation was prepared.
To construct plasmids for overexpression, the EcoRI-HindIII region of each dnaA gene was ligated into pMZ001 [10] , which contains the arabinose promoter. To construct plasmids for complementation analysis, we ligated the coding regions of the mutant dnaA gene (BamHI-HindIII fragment) into pKP2204 [25] , which contains the wild-type promoter of the dnaA gene.
ATP or ADP binding to DnaA protein
This was determined by a filter-binding assay [8] . 
DNA binding to DnaA protein
This was determined by a filter-binding assay [8] . The pBSoriC plasmid [26, 27] , containing oriC, was digested with ScaI and its 3h end was deleted by T4 DNA polymerase. The resultant DNA fragment was radiolabelled by the large fragment of DNA polymerase I and [α-$#P]dCTP. The specific activity of the DNA probe was approx. 23 000 c.p.m.\fmol DNA. DnaA protein was incubated with the radiolabelled DNA fragments (21 fmol) at 37 mC for 4 min in 40 µl of buffer G. Samples were filtered on to nitrocellulose membranes and counted as described above.
DNA replication in a crude extract
Replication of mini-chromosomes was assayed as described previously [2, 21] using a crude extract. Template DNA (M13E10 ; 200 ng, containing 600 pmol of nucleotides), 200 µg of Fraction II from E. coli WM433 (dnaA204) and DnaA protein were incubated in reaction cocktails at 30 mC for 20 min. The reaction was terminated by chilling on ice and adding 10 % trichloroacetic acid (final concentration). Samples were filtered on to Whatman GF\C glass-fibre filters. The amount of radioactivity on the filter was measured with a liquid scintillation counter, and the amount of synthesized DNA (pmol of nucleotides) was then calculated.
Plasmid complementation analysis
Temperature-sensitive dnaA mutant cells were transformed with pKP2204 (a derivative from mini-R plasmid) [25] containing either the wild-type dnaA or each mutant dnaA gene. Cultures were diluted appropriately and spread on Luria-Bertani agar plates containing 20 µg\ml chloramphenicol. Plates were incubated at 42 or 30 mC for 12 and 24 h respectively, the number of colonies counted and the colony-forming efficiency determined.
RESULTS

Purification of mutant DnaA proteins
DnaAR328E, DnaAK372E and DnaA435 (see Figure 1) were purified from E. coli cells, which overexpressed them. To avoid contamination of purified mutant DnaA protein with wild-type DnaA protein, the KA450 strain [∆oriC1071 :: Tn10, rnhA199 (Am), dnaA17 (Am), trpE9828 (Am), tyrA (Am), thr, il and thyA] of E. coli was used. Viability is not dependent on the function of DnaA protein in this strain. The addition of 1 % arabinose caused significant overproduction of each mutant DnaA protein (results not shown). DnaA protein was purified by ammonium sulphate precipitation, precipitation by dialysis and gel-filtration column chromatography, as described previously [22, 23] . All mutant DnaA proteins were purified with approxi- 
Figure 4 DNA binding to mutant DnaA proteins
The indicated amounts of DnaAR328E, DnaAK372E, DnaA435 and the wild-type protein were incubated with radiolabelled oriC DNA (21 fmol) at 37 mC for 4 min. The amount of bound DNA was determined by filtration.
mately the same recoveries (6-9 %) as for the wild-type protein (6 %). The purity of the proteins was more than 80 %, as judged by densitometric scanning of the gel (Figure 2) .
Characterization of ATP-or ADP-binding activities of the mutant DnaA proteins
In our previous papers [13, 14, 18, 19] , we measured the interaction between DnaA protein and CL by using both CL-dependent release of ATP (or ADP) from DnaA protein, and CLdependent inhibition of ATP (or ADP) binding to DnaA protein. Therefore, in order to measure the interaction of DnaA435 with CL using the same method, DnaA435 must maintain ATP-
Figure 5 CL inhibition of DNA binding to mutant DnaA proteins
DnaAR328E, DnaAK372E, DnaA435 and the wild-type protein (0.5 pmol) were incubated with 1 µM ATP at 4 mC for 10 min and further incubated with radiolabelled oriC DNA (21 fmol) in the presence of the indicated amounts of CL at 37 mC for 4 min. The amount of bound DNA was determined by filtration. In the absence of CL, the amounts of DNA bound to DnaAR328E, DnaAK372E, DnaA435 and the wild-type proteins are 7.7, 9.6, 2.8 and 6.3 fmol respectively.
or ADP-binding activity. As shown in Figure 3 , DnaA435 showed very low affinity for ATP and ADP. DnaAR328E and DnaAK372E could bind to both ATP and ADP to a similar degree as the wild-type protein (results not shown), as described previously [18, 19] . The mutations together may change the conformation of DnaA protein around R334, which is important for ATP binding and ATPase activity of DnaA protein [19, 20] (see the Discussion section).
Inhibition of DNA-binding activities of mutant DnaA proteins by CL
Since DnaA435 could not interact with adenine nucleotides, we needed a new method to examine its interaction with CL. It has been shown that CL inhibits DnaA binding to oriC DNA [28] . We therefore used the extent of oriC DNA-binding to examine the interaction between DnaA435 and CL.
The binding of DnaA protein to oriC DNA was examined using radiolabelled oriC DNA [8] . As shown in Figure 4 , DnaA435 could bind to oriC DNA to a similar degree as DnaAR328E, DnaAK372E and the wild-type proteins, suggesting that the interaction between DnaA435 and CL could be studied by monitoring CL-dependent inhibition of oriC DNA binding to the protein.
We compared the CL inhibition curve for oriC DNA binding obtained for DnaA435 with those of DnaAR328E, DnaAK372E and the wild-type protein. As shown in Figure 5 , DnaA435 was most resistant to CL inhibition. These results suggest that both R328 and K372 are involved in the interaction between DnaA protein and acidic phospholipids. The interaction of DnaAR328E or DnaAK372E with CL seems to be similar to that of the wild-type protein, based on results in Figure 5 . However, we reported previously [18, 19] that these two mutant proteins showed decreased interaction with CL, based on examination of CL-dependent release of ATP from DnaA protein. The CL-dependent release of ATP may be a more sensitive assay for the functional interaction between DnaA and CL than the CL-dependent inhibition of oriC DNA binding.
Figure 6 Replication activity of the mutant DnaA proteins in vitro
The indicated amounts of DnaAR328E, DnaAK372E, DnaA435 and the wild-type protein were incubated with 1 µM ATP at 4 mC for 10 min. DNA replication in a crude extract from E. coli was performed at 30 mC for 20 min, and the amounts of radiolabel incorporated into acid-perceptible material were assessed.
Table 1 Complementation analysis of the temperature sensitivity of dnaA46 or dnaA508 mutants with plasmids carrying the mutant dnaA genes
Functions of mutant dnaA genes in vivo were examined by a plasmid complementation analysis. The ratios of colony-forming efficiency at 42 mC compared with that at 30 mC are shown.
Clones
Colony-forming efficiency (42 mC/30 mC)
1.5 pKP2204/dnaAK372E 0.9 pKP2204/dnaA435 1.1
Replication activity of mutant DnaA proteins in vitro
We measured the abilities of DnaA435, DnaAR328E, DnaAK372E and the wild-type protein to initiate oriC DNA replication using an oriC complementation assay in a crude extract [2, 21] . Surprisingly, DnaA435 supported oriC DNA replication in itro, although the specific activity was lower than those of DnaAR328E, DnaAK372E and the wild-type protein ( Figure 6 ). The specific activities of DnaA435, DnaAR328E, DnaAK372E and the wild-type proteins were 0.17, 0.46, 0.53 and 0.48i10' units\mg of protein respectively (1 unit of enzyme activity incorporates 1 pmol of nucleotides\min at 30 mC). The specific activities of DnaAR328E, DnaAK372E and the wildtype protein were similar to those reported previously [18, 19] . Since DnaA435 had low affinity for ATP (Figure 3 ), we consider that DnaA435 can initiate DNA replication without binding to ATP, as was the case for DnaA46, DnaA5, DnaAA184V, DnaA219 and DnaAcos [29] [30] [31] [32] [33] . DnaA219 (A184V, H252Y and R342C) was found to be a lethal over-initiation phenotype, as was the case for DnaAcos [31, 33] . This phenotype can be explained by the fact that they are active without binding to ATP [31, 33] , because ATP hydrolysis is involved in DnaA inactivation to suppress the over-initiation [34, 35] . However, DnaA435 was not a lethal over-initiation phenotype (Table 1) , although this protein was active without binding to ATP (Figures 3 and 6 ). This may be because DnaA435 is partially, but not fully, active for DNA replication ( Figure 6 ). It is also possible that DnaA435 can bind to ATP under the conditions of in itro DNA replication (in the presence of 5 mM ATP).
Replication activity of mutant DnaA proteins in vivo
We used a plasmid complementation analysis with E. coli strains bearing temperature-sensitive dnaA mutants to examine the DNA replication activities of these mutant DnaA proteins in i o. The coding regions of these mutant and the wild-type dnaA genes were conjugated with the wild-type dnaA promoter in pKP2204 [25] . Each resultant plasmid was introduced into E. coli KS1003, in which DnaA protein has the temperature-sensitive dnaA46 mutations in its ATP-binding site [36] . Incubations were performed at 42 or 30 mC. Table 1 shows the ratio of colony-forming efficiency at 42 mC compared with that at 30 mC. The ratio with dnaA435 was approx. 1, as with the wild-type gene. We then performed the same experiments using dnaA508 (KS1007) [36] , which has a temperature-sensitive mutation in DnaA protein's N-terminal region, instead of dnaA46 (KS1003). The results were similar (Table 1 ). The colony sizes and growth rates obtained with dnaA435 were indistinguishable from those obtained with the wild-type gene (pKP2206) [25] . Thus, DnaA435, which shows a decreased interaction with CL and with ATP in itro, is able to initiate DNA replication in i o.
DISCUSSION
In this study, we measured the interaction between DnaA protein and acidic phospholipids using a system of CL-dependent inhibition of DNA-binding activity of DnaA protein [28] . This is because DnaA435 cannot bind to ATP and, therefore, the previous method of studying the effect of acidic phospholipids (CL-dependent inhibition of DnaA-ATP binding) [13, 14, 18, 19] could not be used. CL-dependent inhibition of DnaA-DNA binding and CL-dependent inhibition of DnaA-ATP binding are closely related, because we recently found that the inhibition of DnaA-DNA binding by phospholipids required acidic moiety in phospholipids (M. Makise, S. Mima, T. Tsuchiya and T. Mizushima, unpublished work), as was the case for the inhibition of DnaA-ATP binding by phospholipids [13, 14, 18, 19] . We found in the present study that DnaA435, with both R328E and K372E, has a lower affinity for CL than DnaA proteins with either one of the mutations. These results suggest that R328 and K372 are co-operatively involved in the interaction with acidic phospholipids. K372 included the domain which was suggested to be involved in the membrane-binding activity [15] [16] [17] . DnaA protein belongs to a family of ATPases associated with a variety of cellular activities [37] . X-ray structure analysis of other proteins belonging to this family, and comparison of amino-acid sequences, suggested that R334 of DnaA protein interacts with the phosphates of adenine [37] [38] [39] [40] . In fact, we showed that both ATPDnaAR334E and ADP-DnaAR334E complexes were unstable at higher temperatures, compared with the wild-type protein [19] . It was also reported that DnaAR334H has decreased intrinsic ATPase activity, suggesting that this amino-acid residue interacts with phosphates of adenine nucleotides [20] . Since R334 is located between R328 and K372, it is reasonable to hypothesize that CL binds to R328 and K372 and causes a conformational change around R334, which in turn inhibits the interaction of R334 with phosphates of adenine nucleotides, lowering the affinity of DnaA protein for adenine nucleotides [19, 20] .
Although DnaA435 has low affinity for ATP, it can initiate DNA replication in i o and in itro. Figure 7 shows a model, which can explain all the following phenomena : (1) the wild-type DnaA protein is activated by binding to ATP; (2) DnaA435 has low affinity for ATP; (3) DnaA435 is active; (4) CL interacts with the wild-type DnaA protein to decrease the affinity of the protein for ATP or ADP; and (5) DnaA435 has decreased affinity for CL. In the model, we hypothesize that both ATP binding to the wild-type DnaA protein and mutations in DnaA435 (R328E and K372E) cause a similar conformational change in DnaA protein around two amphipathic helices (K327 to I344 and D357 to V374). This conformational change in DnaA435 may modify the association of ATP with the ATP-binding pocket of DnaA protein, in which K178 (Walker A motif) [10] and R334 are involved. In the wild-type protein, CL may bind to R328 and K372 and block the ATP binding to DnaA protein.
